The output of a mode-locked erbium-doped ring fiber laser incorporating a section of a polarization-maintaining (PM) fiber is investigated in both numerical simulations and experiments. With proper inline polarization control, the laser can be set to emit a train of pulses, separated by the differential group delay of the PM section. Repetition rates as high as 500 GHz are experimentally observed. The results provide an added insight into the role of birefringence in mode-locked lasers based on nonlinear polarization rotation.
Introduction
Optical pulsed sources, having repetition rates in excess of 100 GHz, are attractive for applications such as ultrafast optical communication and spectroscopy. Self-starting, passively mode-locked fiber lasers have been favorable candidates for the realization of such sources, due to their simplicity, robustness and broad gain bandwidth, and the availability of high-power pump laser diodes [1] - [5] . One common underlying mode-locking technique used in these fiber lasers is based on intensity-dependent changes to the state of polarization (SOP) of a propagating waveform, referred to as nonlinear polarization rotation (NLPR) [6] - [8] . In conjunction with a properly aligned polarizer, NLPR represents an effective instantaneous saturable absorber, favoring the transmission of short, high-peak-power pulses [1] , [9] , [10] .
A mode-locked laser can be configured to emit envelopes (trains) of high-repetition-rate pulses, by introducing a spectrally periodic inline filter. The filter selects a few frequency bands, spaced by its free spectral range Á, that experience the least propagation loss [5] . These filtered spectral components may give rise to additional frequency bands, phase locked to the primary ones through a four-wave-mixing (FWM) process [1] , [5] , [11] . The resulting time-domain waveform is that of periodic pulses, separated by 1=Á. Using this technique, passively generated trains of high-rate pulses have been demonstrated in both anomalous and normal dispersion regimes [4] . In previous works, filtering elements included Fabry-Perot etalons [4] , [12] , [13] , superimposed fiber Bragg gratings [5] , [14] , [15] , and a Michelson interferometer [16] .
A birefringent medium, such as a section of a polarization-maintaining (PM) fiber, in combination with a polarizer already included in the NLPR architecture, can also provide periodic spectral filtering. However, to the best of our knowledge, the generation of trains of high-repetition-rate pulses based on birefringence has not yet been attempted. Periodic features observed in the output power autocorrelation traces of NLPR mode-locked lasers have been previously attributed to residual birefringence in erbium-doped fibers [17] , [18] . However, the differential group delay (DGD) associated with the residual birefringence not being known, a quantitative account of the observed periodicity could not be provided.
In this paper, we revisit the role of birefringence in NLPR mode-locked fiber lasers, in order to quantitatively relate the observed pulse periodicity to the DGD. To this end, we study the operation of a fiber laser, with an inline PM section whose DGD is known and longer than that associated with the residual birefringence of all other components. We observe several regimes of mode-locked operation, such as single pulse operation or bursts of noise-like pulses [17] , in both numerical simulations and experiments. Transition between different regimes is achieved through polarization control inside the fiber loop. This work focuses on a particular regime of operation, in which the laser is set to emit bursts of quasi-periodic pulses, separated by the DGD of the PM section. Our analysis provides approximate predictions for the polarization controller (PC) settings required for generating trains of high-repetition-rate pulses, which are supported by numerical simulations. The experimentally observed repetition rates are as high as 500 GHz. The results provide an added insight into the role of birefringence in NLPR mode locking and substantiate the previous suggestions of a birefringence-induced periodic output.
The remainder of this paper is organized as follows: Section 2 describes the principle of operation and simulations of the fiber laser, Section 3 provides experimental results, concluding remarks being given in Section 4.
Analysis and Simulations
A schematic drawing of the fiber laser system under study is shown in Fig. 1 . The ring cavity includes an erbium-doped fiber amplifier (EDFA), characterized by its small signal power gain G 0 , saturation power P sat , optical frequency of maximal gain ! 0 , spectral full width at half maximum BW and noise figure NF . The EDFA consists of a pump laser diode, a pump combiner and a section of erbium-doped fiber. An optical isolator at the EDFA output guarantees the unidirectional operation of the fiber laser. NLPR is realized via a polarizer, placed in between two PCs. Most of the cavity length is taken by a highly nonlinear fiber (HNLF), whereas the PCs and connecting patch cords are of standard single-mode fiber (SMF). A 10% tapping coupler is placed prior to the HNLF, providing the laser output. Spectral filtering is introduced by a PM section of DGD , preceded by yet another PC. Both the HNLF and the SMF sections display a residual birefringence. While much weaker than that of the PM section, this residual birefringence is significant in nonlinear pulse propagation. Nonlinear propagation effects and dispersion within the relatively short erbium-doped and PM fiber sections are neglected.
Even though the laser output must be solved for numerically, an insight into the filtering effect of the PM section, and approximate alignments of the PCs which lead to different regimes of operation, can be obtained from simplistic, illustrative considerations. In the following qualitative argument, we temporarily ignore the SMF section and the dispersion in the HNLF section, which is nearly zero. We follow the propagation of the lasing waveform at the steady state for a complete loop cycle along the fiber ring cavity, starting at the HNLF input (see Fig. 1 ). Let us denote the two axes of the residual birefringence in the HNLF asê HNLF 1 andê HNLF 2 , and suppose that the optical field at the HNLF input is linearly polarized at an angle 1 with respect toê HNLF 1 . The field at the HNLF output becomes elliptically polarized, with a nonlinear-propagation-induced differential phase between the field components aligned withê
. Subject to the above simplifying assumptions, that differential phase at the peak of the propagating waveform is given by [19] 
In Eq. (1), P denotes the peak power, HNLF is the nonlinear coefficient of the HNLF in units of ½W Á km À1 , and L HNLF is the HNLF length. We may adjust PC3 so thatê is mapped to a different SOP, aligned at some angle 2 with respect to the transmission axis of the polarizer. We may configure PC1 to obtain 2 ¼ =2 À 1 , and PC2 to recover the original, linear SOP at the HNLF input. A propagation cycle along the fiber ring is thus completed. With the above alignments, the optical power transfer function of the full propagation cycle can be roughly approximated by
Here, Á' Lin is a linear-propagation-induced differential phase, which is affected, among other factors, by the states of the PCs. The above expression provides only a limited approximation, since Á' NL is not constant throughout the waveform and dispersion effects have been neglected. Nonetheless, it could be useful for identifying certain properties of the system. The combination of the PM section DGD and the polarizer represents an effective optical filter, whose transfer characteristics depend on both the settings of PCs, (through Á' Lin ), and on the power of the propagating waveform, (through Á' NL ). At steady state lasing operation, we expect the maximum value of the approximate loop transfer function to be near unity: max½T App ðÁ!Þ % 1. An alignment of the PCs leading to Á' Lin ¼ ÀÁ' NL would favor two transmission peaks at Á! ¼ AE=, which in turn could give rise to trains of pulses separated by through NLPR mode locking. We therefore expect that a more complete, numeric solution for the laser would include a regime of output bursts consisting of equally spaced pulses.
In place of Eq. (1), the propagation through both the HNLF and SMF sections was modeled by numerically solving a set of two coupled equations, incorporating second-order linear dispersion, self-phase-modulation, and polarization cross phase modulation [6] - [8] 
where A 1;F and A 2;F denote the complex envelopes of the electrical field components along the principal axes of residual birefringence 1 and 2 of a fiber section, and the subscript F denotes either HNLF or SMF , for the HNLF or SMF sections, respectively. The fields depend on both time t and longitudinal position z. (3) in the most general case, can be neglected [7] . The PM fiber section was once again modeled by the differential phase Á' PM ¼ Á! Á , as discussed above. The initial condition for the laser output calculation was the spontaneous emission field of the EDFA. Fig. 2 shows an example of the calculated autocorrelation of the laser output power. The simulations parameters were L HNLF ¼ 100 m,
5 nm, and ¼ 5 ps. Fiber lengths on the same scale were used in previous works [17] , [18] . The overall linear propagation and coupling losses in the ring were 4 dB per cycle. With proper alignment of the PCs, the steady state laser output is a burst of periodic pulses, separated by , as anticipated. The duration of each burst is on the order of 100 ps, with peak power levels of several W. PC alignments which provide steady state output bursts with substantial output periodicity are typically characterized by max½T App ðÁ!Þ between 1.3 and 1.6, and jÁ' Lin þ Á' NL j 0:3 rad. The simplistic propagation analysis, therefore, provides useful initial PC settings for investigating the system characteristics.
Experiment
An NLPR mode-locked fiber laser with an intracavity PM section was investigated in a proof-ofprinciple experiment. The laser ring structure was the same as that of Fig. 1 , and the parameters of the EDFA and the various fiber sections in the experiment were the same as those of the simulations above, except for interchangeable PM fiber sections of varying DGD values. The PM fiber used had a beat length of 4 mm, which corresponds to a DGD of 1.3 ps per 1 m of fiber at a wavelength of 1550 nm. The DGD associated with the birefringence of the HNLF and SMF sections is estimated as lower than 0.2 ps/km 0:5 . The mean output-coupled power of the laser was of the order of 0.5-1 mW. Fig. 3(a) shows an oscilloscope trace of the detected output power. Output bursts are observed, separated by the cavity propagation delay of 840 ns. Fig. 3(b) shows an example of the normalized, measured autocorrelation trace of the laser output power, obtained with a DGD of ¼ 5:5 ps. Periodic peaks separated by are clearly observed. The periodic modulation in the autocorrelation trace appears shallow, due to the long averaging time of the available autocorrelator in a relatively long, fast sweep of the relative delay. The inset of the figure shows a slower, short-range autocorrelation scan of the output power, taken at the same PCs settings, showing the modulation to be in fact much more pronounced. The asymmetry of the traces Linear and coupling losses in the cavity for one cycle were 4 dB.
can suggest an asymmetry in the burst shape, but may also be due to alignment difficulties inside the autocorrelator. Fig. 3(c) shows the optical power spectrum corresponding to Fig. 3(b) . As expected, the periodic autocorrelation is associated with two spectral peaks of nearly equal power, separated by 1=. Similar results were obtained for two other DGD values: ¼ 2, 16 ps, with examples of periodic output power autocorrelation given in Fig. 3(d) . Finally, the output of the laser with no PM section was examined as well. Even without an intentionally introduced DGD, periodic output features could be obtained through careful adjustments of the PCs, as previously reported [17] , [18] (see Fig. 4 ). The period of 1 ps could represent the residual birefringence of the EDFA in the loop.
Summary
A mode-locked fiber ring laser with an inline PM section was investigated. Mode locking was obtained based on NLPR and an inline polarizer. In conjunction with the DGD of the PM section, the polarizer takes up the added functionality of a periodic spectral filter. The interplay of mode locking and filtering was studied in both numerical simulations and experiments. It was shown that the laser can be set to emit bursts of periodic pulses, separated by the PM section DGD. This regime of operation is associated with two dominant spectral peaks of comparable magnitudes. Repetition rates as high as 500 GHz were obtained. To the best of our knowledge, the passive generation of high-repetition-rate pulses based on birefringence has not been directly demonstrated to date. Compared with other inline filtering mechanisms [4] , [5] , [12] - [16] , the spectral selectivity provided by a single PM section is relatively weak. Each of the spectral bands, therefore, has a relatively broad envelope, consisting of a large number of individual, longitudinal modes that are locked together. The duration of the corresponding temporal envelope is inversely proportional to the width of each spectral band, and is thus relatively short. Higher order filtering can be achieved via concatenating several PM sections [20] . The low saturation power of the available EDFA may also restrict the number of pulses supported by the laser. In addition, the long-term stability of states of polarization along a fiber loop, not investigated in this work, may become a concern. The principle described in this work could be carried into waveguide-based implementation of race-track configuration lasers containing birefringence, which are better suited for polarization stability. In addition, the results provide strong quantitative support to the previously suggested role of residual birefringence in passive, high-repetition-rate pulse generation [17] , [18] .
